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Abstract
!

Nano particle based additives have become a main focal point in the design

of new lubricants, in order to better achieve reduction in both friction and wear.
Previous research has led to the development of one such lubricant known as
NanoGlide® by a company called NanoMech, Inc. The success of this initial
lubricant design encouraged the research and potential development of new
formulations of nano particle based lubricants by NanoMech, Inc. Using
tribological testing, and Scanning Electron Microscopy (SEM), this research
analyzed the behavior and performance of three new nano additives (NanoGlide 1,
NanoGlide2, and NanoGlide3) in three different lubricant base fluids (Metal
Working Fluid (MWF), vegetable oil, and a water based emulsion). The results
showed a significant decrease in mean coefficient of friction (COF) values for each
of the three nano additives when compared to the base fluids. NanoGlide 1
showed the greatest average decrease in mean COF (29.2%), while NanoGlide 3
showed the second greatest (13.8%), and NanoGlide 2 showed the lowest
(11.9%). SEM analysis showed the base MWF, when combined with the nano
additives, had the lowest density of wear scars, while the water based emulsion
showed the greatest. No correlation could be determined between the nano
additives and the wear resistance, therefore future study is needed.
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Introduction
!

Lubrication is a vital necessity in many machining processes, such as

grinding, drilling, milling, turning, etc. It serves to reduce friction, heat, and wear at
the machining interface. In recent years research has shown that using nano
particle based lubricant additives can substantially reduce friction and wear at this
interface. This is achieved by the ability of nano particles to easily navigate into
the machining interface. The result is increased boundary lubrication caused by
the formation of tribofilms from the nano particles (Verma, 2008).
!

Minimum Quantity Lubrication (MQL) refers to the application of lubricants in

minute amounts (50-500 ml/hr) when mixed with air and directly applied the the
friction interface. MQL for machining processes has increasingly drawn interest in
machining applications, due to its extensive cost savings (Kalita, 2009). Previous
research by the Materials Manufacturing and Research Laboratories (MMRL) at
the University of Arkansas has shown the potential of these nano particle based
lubricants in MQL grinding, by displaying significant reductions in both friction and
wear (Kalita, 2008). The promising results of these previous works led to the
development of a nano particle based lubricant called NanoGlide®, developed by
NanoMech, Inc. The success of NanoGlide® has led to the research and potential
development of new nano particle based lubricant formations by NanoMech, Inc.
!

In conjunction with NanoMech, Inc., Caterpillar Inc., Ford, and the University

of Michigan (U of M), this research project aims to compare the lubrication
properties of these new nano particle based lubricants by means of tribological
3

testing and Scanning Electron Microscopy (SEM) analysis. Due to intellectual
property protection, the chemistry of these new lubricants will not be revealed, and
thus referred to throughout the thesis by number and letter distinctions.
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Description of Samples
!

Three different NanoGlide additives were tested during this research, paired

with three different base fluids: vegetable oil, a water based emulsion, and MWF.
The three base fluids were also tested to distinguish the performance of the nano
additives from the base oils. The combination of formulas resulted in 12 different
lubricants as shown in Table 1. All samples were prepared by NanoMech, Inc. and
given to the University of Arkansas for testing. All samples were tested and
analyzed with the assistance of graduate student, Parash Kalita.
Table 1: List of sample lubricants tested with nano-additives and base fluids.

Lubricants
AXS-11-1
AXS-11-2
AXS-11-3
AXS-25-1
AXS-11-5
AXS-24-2
AXS-28-1
AXS-28-2
AXS-28-3
AXS-25-3
AXS-12-1
AXS-24-3

Base Fluids
Vegetable Oil
Water based Emulsion
Metal Working Fluid
Vegetable Oil

Water based Emulsion

Metal Working Fluid
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Nano-Additives
none
none
none
NanoGlide 1 (NG1)
NanoGlide 2 (NG2)
NanoGlide 3 (NG3)
NanoGlide 1 (NG1)
NanoGlide 2 (NG2)
NanoGlide 3 (NG3)
NanoGlide 1 (NG1)
NanoGlide 2 (NG2)
NanoGlide 3 (NG3)

Tribological Testing
Sample and Workpiece Preparation
!

Tribology is the study of friction, wear, and lubrication, or more simply said

as lubrication science (Bhushan, 1997). In tribology, coefficient of friction values
are typically measured and analyzed along with wear tracks and wear scars. The
analysis of this data can help to correlate the effectiveness of a lubricant.
!

The tribological test specimens used in this research were AISI 1045 steel,

shown in Figure 1, which was recommended by Caterpillar Inc. as this material is
widely used by them for various machining operations. Each of the samples were
heat treated to an average hardness of 50 HRC. All specimens were machined
and heat treated by the U of M. Each of the specimens were carefully polished
before each tribological test to a near mirror finish (average roughness of 0.3-0.4
μm) by MMRL.

"'&#$$#
%&#$$#

BEFORE

!"#$$#

AFTER

!"#$$#

Figure 1: AISI 1045 Steel (50 HRC) before (left) and after (right) mirror polishing to an
average roughness of 0.3-0.4 μm. (Pictures taken by Parash Kalita)

!

All samples, such as those shown in Figure 2 (Left), were sonicated for 30

minutes before each tribological test to ensure proper dispersion of nano additives
in the base fluids. Base fluid samples were not sonicated.
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Figure 2: (Left) Samples of Metal Working Fluid base oil with NanoGlide additives.
(Right) CBN mounted abrasive pins used in tribotesting. (Taken by Parash Kalita)

Experimental Details
!

To best replicate MQL grinding, the tribological tests were performed with a

reciprocating pin on flat setup. The pins used were Cubic Boron Nitride (CBN) 150
grit abrasive pins, which were recommended by the U of M, as they are similar to
grinding wheels which were used by them for actual grinding tests. The similar
material will help to better correlate the tribological data from MMRL with the
grinding results from U of M. Each pin was custom made by Norton Abrasives™ to
fit in the elastic arm of the tribometer. The testing parameters set for the tribometer
experiments, by means of the InstrumX software, are shown in Table 2. These
parameters were selected based on past research at MMRL (Kalita, 2008).
Table 2: List of testing parameters for all tribotests performed during this research project.
Modeled after previous experiments performed on MQL grinding. (Kalita, 2009)

!

Normal
Load

Linear
Speed

Test
Duration

Test Type

Lubricant
Volume

Acquisition
Rate

1/2
Amplitude

10 N

200 mm/s

60 min

Pin-on-flat

3 ml

5.0 Hz

18 mm

In order to best simulate the fluid supplied during MQL grinding, 3 ml of

each sample lubricant was supplied directly on the contact area between the pin
7

and steel specimen in .5 ml doses every 10 minutes during testing by hand using a
3 ml safety-lock syringe. During application of the lubricant, a steady flow of
droplets was maintained until each .5 ml dose was fully dispersed in order to
ensure even distribution of the lubricant. This set-up is shown in Figure 3.

Figure 3: Tribotest experiment setup for “Pin-On-Flat” linear reciprocating test
type. CSM Instruments- Tribometer Model#: TRB (Taken by Parash Kalita)

Results
!

Using the InstrumX software supplied with the tribometer, a coefficient of

friction (COF) value for each of the 12 tribometer test was plotted vs. time, and a
mean COF was calculated and recorded. The first three tests were strictly the
base fluids (AXS 11-1, AXS 11-2, AXS 11-3) with no nano additives . The results of
these tests are compared in Figure 4, which shows the MWF (AXS-11-3),
vegetable oil (AXS-11-1), and water based emulsion (AXS-11-2) in order from
8

lowest to highest mean COF values respectively. The base MWF showed the best
potential with a mean COF value that was 9.6% lower than the water based
emulsion and 5.3% lower than vegetable oil.
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Figure 4: Coefficient of friction values measured verse time for all three base fluids.

!

The result for base MWF from the first tests was compared to the same

base fluid with each of the three nano additives, NG1 (AXS-25-3), NG2
(AXS-12-1), and NG3 (AXS-24-3). The results show a significant decrease in
mean COF values with each of the three nano additives compared to the base
MWF as illustrated in Figure 5 with NG1, NG2, NG3 showing a reduction of 34.0%,
18.9%, and 23.2% respectively.
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Figure 5: Coefficient of friction values measured verse time for all three nano additives in Metal
Working Fluid base oil.
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The COF values of the vegetable base oil, was then compared to the same

base fluid with each of the three nano additives NG1 (AXS-25-1), NG2 (AXS-11-5),
and NG3 (AXS-24-2). The results in Figure 6 again show a reduction in mean COF
values for the vegetable oil with each of the three nano additives. NG1, NG2, and
NG3 showed a reduction of 23.2%, 3.22%, and 9.78% respectively.
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Figure 6: Coefficient of friction values measured verse time for all three nano additives in vegetable
oil base fluid.

!

For the final set of tribological tests, shown in Figure 7, the mean COF value

for the water based emulsion was compared with the three nano additives in the
emulsion, and again it showed improvement over the base fluid COF values. The
emulsion with NG1 (AXS-28-1), NG2 (AXS-28-2), and NG3 (AXS-28-3) showed an
improvement of 30.4%, 13.5%, and 8.4% respectively.
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Figure 7: Coefficient of friction values measured verse time for all three nano additives in water
based fluid.

!

A final comparison of all mean COF values for the 12 tests, shown in Figure

8, reveals the lowest COF value of 0.060 for AXS-25-3, which is the base MWF
with the NanoGlide 1 nano additive. In fact, as Table 3 shows, the NanoGlide 1
additive produced the lowest COF values in each of the three base fluids with an
average reduction in COF of 29.6%. NanoGlide 3 showed the second best
performance in 2 of the 3 sets of tests with an average reduction in COF of 13.9%.
NanoGlide 2 had the lowest average reduction in COF with 12.0%.
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Mean Coefficient of Friction Values

MWF Formulations

Vegetable Formulations

Water Formulations

0.074
0.070

Vegetable Oil + NG1
Vegetable Oil + NG2
Vegetable Oil + NG3
Vegetable Oil

0.074

0.069

Water Emulsion + NG1
Water Emulsion + NG2
Water Emulsion + NG3
Water Based Emulsion
0

Base + NG1

0.060

MWF + NG1
MWF + NG2
MWF + NG3
Metal Working Fluid

0.025
Base + NG2

0.05
Base + NG3

0.091
0.093
0.087
0.096

0.086
0.091
0.100
0.075

0.1

Base Fluids

Figure 8: Mean coefficient of friction (COF) values for all 12 samples, showing Metal Working
Fluid with NG1 to have the lowest value.
Table 3: Coefficient of friction (COF) reduction percentages for each nano additive in the
respective base fluid.

!

Base Fluid

NanoGlide 1 (NG1)

NanoGlide 2 (NG2)

NanoGlide 3 (NG3)

Metal Working Fluid

34.0%

18.9%

23.2%

Vegetable Oil

23.2%

3.22%

9.78%

Water Based Emulsion

30.4%

13.5%

8.40%

Average COF Reduction

29.2%

11.9%

13.8%

As part of the University of Arkansas sub-contract and due to availability of

limited funding and time, only one test was conducted per formulation. More tests
per formulation will be conducted in Phase II of this project to test repeatability of
this data.
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SEM Analysis
Specimen Preparation
!

All specimens were carefully cleaned using Isopropyl Alcohol (IPA) to

ensure little to no residual oils were present during SEM analysis.
Results
!

For SEM analysis, all 12 AISI 1045 Steel (50 HRC) specimens were

examined to compare the severity of the wear tracks after the pin-on-flat linear
reciprocating tribological tests. Figure 9 shows a comparison of the specimens for
each of the three base fluids without nano additives. MWF showed the least wear,
while the water-based emulsion showed the most wear.

4%(0(#;&6(,+7*($#&

Metal	
  Working	
  Fluid
!"/*,$%&!",+!3*&145&
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!"#$%"&'(%&

)"*+,-."/+0&123%/($#&&

6+7,+"/+&(#&*8+&0+#/(*9&$:&&";;,+//(<+&=+",*,"7>/&&
Figure 9: SEM comparison of wear tracks for each of the base fluids at 200x magnification,
decreasing in wear track aggressiveness from left to right.

!

SEM analysis of the wear tracks for each of the steel specimens, were

compared between the three nano additives with the same base MWF. As Figure
10 shows, MWF plus the NG3 nano additive showed the greatest wear resistance,
while the NG2 nano additive showed the least wear resistance.
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Figure 10: SEM comparison of wear tracks for each of the nano additives in the Metal Working
Fluid base oil at 200x magnification, decreasing in wear track aggressiveness from left to right.

!

SEM analysis was again used to show the comparison of the three nano

additives in the vegetable oil base fluid. As shown in Figure 11, again the NG3
nano additive showed the greatest wear resistance with minimal aggressive wear
tracks compared to the least wear resistant NG1 nano additive.
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Figure 11: SEM comparison of wear tracks for each of the nano additives in the Vegetable oil base
fluid at 200x magnification, decreasing in wear track aggressiveness from left to right.

!

Figure 12 shows the final SEM analysis, which compared the nano additives

in the water based emulsion. Surprisingly during this analysis, the NG3 and NG1
15

had switched places with respect to wear track resistance. All three wear tracks
did look noticeably worse with the water based emulsion than the other base fluids.
!"#$%&'"($)&*+,-).&/01&
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Figure 12: SEM comparison of wear tracks for each of the nano additives in the water based
emulsion base fluid at 200x magnification, decreasing in wear track aggressiveness from left to
right.

!

More tests need to be conducted to develop a correlation between the nano

additives and wear resistance.
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Discussion
!

As the composition of the lubricants are proprietary, exact composition and

chemistry cannot be revealed. However, this section will discuss the different
scientific phenomena that have an effect on the tribological behaviors of the
lubricants.
Presence of Multiple Elements
!

The presence of multiple chemical elements within these lubricants, are

strategically combined in order to aid and assist each other. As one element would
allow for an increase in lubrication properties, other elements can assist in factors
such as wear, anti-corrosive properties, and anti-bacterial properties. The multiple
chemical elements are also designed to proficiently disperse throughout the base
fluid.
Bonding
!

The combination and strengths of various bonds within each chemical

composition are key to the lubrication properties of these lubricants. This
anisotropic characteristic of certain elements, allows for easy shearing in one
direction by weak bonding, while also attributing to substantial wear resistance
perpendicular to the shearing motion due to strong bonds such as covalent bonds.
Particle Size and Concentration
!

Intuitively, as the concentration of these nano additives are increased in

weight percentage when compared to the base fluid, friction reduction should
increase. This is simply due to the increased availability of nano particles to
17

navigate into the friction interface. Because the particles are nano sized (less than
100 nm), they have the ability to work their way into the porous grains of materials
like grinding wheels, while also moving into surface cracks and impurities in the
material being machined. However, there needs to be an optimum quantity of
nano particles that are added in order to prevent agglomeration of these particles.
Multiple Level Interaction
!

Performance of these nano particle based lubricants are a factor of the

interaction of the elements at multiple levels. As shown in Figure 13, the nano
lubricant works in between the abrasive pin and the steel specimen. However, it is
the interaction between the lubricant and abrasive pin and the interaction between
the lubricant and the steel specimen that are crucial. As mentioned earlier, the
porosity of the abrasive pin and scars in the steel specimen allows for the
entrapment of nano particles. This results in a continuous supply of lubrication as
either the pin or the steel specimen wear, and more nano particles are revealed.
Abrasive
Pin

Lubricant

Sliding
Direction

Steel
Specimen

Figure 13: Illustration of interaction between an abrasive pin, a steel specimen,
and a lubricant.
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Conclusions
!

Drawing from the tribological tests, all of the NanoGlide additives showed a

reduction in COF values when compared to the base fluids alone. NanoGlide 1
averaged the greatest reduction in mean COF values (29.2%), while NanoGlide 3
showed the second greatest reduction in mean COF values (13.8%), with
NanoGlide 2 showing the lowest reduction in mean COF values (11.9%). The
lowest values of mean COF for all three NanoGlide additives were with the base
MWF, which corresponds with the results of the base fluid tests, showing MWF to
have the lowest mean COF value.
!

Somewhat consistent with the base oil tribotests, the SEM analysis showed

MWF to have the lowest density of aggressive wear tracks while having the lowest
COF values. Once the NanoGlide additive wear tracks were analyzed, it was
determined that NanoGlide 3 had best wear resistance, having shown the least
amount of aggressive wear tracks in 2 of the 3 base fluids. NanoGlide 1, which
had shown the best COF values proved to be inconclusive in wear track analysis,
as it showed to have the highest, second highest, and lowest wear resistance in
each of the 3 SEM comparisons respectively. NanoGlide 2 was equally as
inconclusive in wear track analysis as NanoGlide 1. Future study is needed to
determine a conclusive analysis of wear tracks when corresponding to mean COF
values.
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Proposed Future Study
!

Further study is necessary to better understand the increased performance

of the NanoGlide additives in boundary layer applications. This can be achieved
through Energy-Dispersive X-ray Spectroscopy (EDX) analysis by means of
confirming the formation of tribofilms on the wear tracks. Further in depth analysis
can be performed with X-ray Photoelectronic Spectroscopy (XPS) to better
determine the chemical composition within the wear tracks of the specimens. Also,
Transmission Electron Microscopy (TEM) analysis is necessary to better
understand what is happening at the interface.

20

References
Bhushan, Bharat (1997). Handbook of Tribology: Materials, Coatings, and Surface
!
Treatments. Malabar, FL: Krieger Publishing Company
Kalita, Parash. Exploring Performance of Novel MoS2 Nanoparticles for !
Grinding Through Tribological Measurements, Transactions of
!
NAMRI/SME (2008), Vol. 36, Pages 357-364

MQL

Kalita, Parash (2009). Testing of Nano-Engineered Lubricants for Minimum
!
Quantity Lubrication (MQL) Grinding: Performance Testing and
!
Fundamental Understanding. Masters Thesis, University of Arkansas.
Verma, A. e. Tribological Behavior of the Deagglomerated Active
!
Inorganic Nanoparticles for Advanced Lubrication, Tribology
!
Transactions (2008), Vol. 51, Issue 5, Pages 673-678

21

